Thorium-based fuels have been proposed for use as alternative nuclear fuels in a 100-MW t prismatic high temperature gas-cooled reactor (HTGR) to overcome the limitation of natural uranium resources. Safety design features have been addressed by using particle-type burnable poison to prevent a prompt supercritical accident in the reactor. The present study compared the proposed system with the use of 235 U-238 U conventional nuclear fuel in an HTGR. The use of thorium-based fuel showed usefulness in terms of neutron economics, but from the safety standpoint, the thorium fuel reversed the inherent safety characteristics of a negative temperature coefficient. Introducing the appropriate composition of particle-type burnable poison can be useful for reactivity control in long-term operation, but it cannot guarantee the reactor will be free from the prompt supercritical accidents. The use of particle-type burnable poisons did sufficiently minimize the reactivity and flatten the reactivity swing to decrease the burden on the control rods mechanism, and reduce the positive temperature coefficient or even make it negative. These results did improve the safety features of the reactor.
Introduction
Due to the scarcity of natural uranium resources and a mismatch between uranium production and reactor requirements [1] , thorium has been explored as an alternative nuclear fuel in thermal reactors. In 1959, Chermick et al., theoretically studied the use of thorium fuel in thermal reactor, and the results showed the advantage of thorium fuel in term of neutron economy and high conversion ratio [2] . In 1962, thorium-based fuel in the pellet form of an urania-thoria mixture (thorium and initial fissile nuclide of 235 U enrichment) was first experienced in the boiling water reactor (BWR) of Indian Point. The plant showed success with the use of a thorium fuel in a light water reactor (LWR) [3] . In addition, the use of mixed thorium / uranium oxide has been employed in several reactor types such as in prismatic and pebble bed HTGRs, BWRs, LWRs, and LMFBRs [3] [4] [5] [6] [7] [8] [9] [10] , but mainly focused on the use of thorium-based fuel in pebble bed HTGRs and prismatic HTGRs.
In order to introduce thorium as an alternative nuclear fuel, the safety aspect as well as the neutron economy should be considered. In terms of the neutron economy, thorium has about a three-fold larger absorption cross section than 238 U in the thermal energy region. Therefore, 232 Th can convert to fissile 233 U more readily than 238 U can convert to 239 Pu in the uranium-based fuel cycle. In addition, 233 U has an eta-value ( ), which is defined as the ratio of neutrons produced per neutrons absorbed in fuel of each fission reaction, at thermal neutron energies higher than those of the fissile materials 235 U and 239 Pu. This high makes the use of thorium fuel even more attractive from the neutron economics standpoint [4, [11] [12] [13] [14] .
From the standpoint of safety, the design itself of the HTGR can lead to inherent safety features, but only HTGRs employing a conventional uranium nuclear fuel have been analyzed for safety; those using thorium-based fuel have not. To design a prismatic HTGR under the concept of long-life reactor operation, the loading of large amount of fissile material was needed, but the excess reactivity can be extremely large at the beginning of operation. To compensate the excess reactivity by using the control rod, it may be difficult and may cause a serious accident by the rod withdrawal. To be assured of the safety of HTGR using thorium-based fuel, a reactor design with low excess reactivity operation less than one dollar and a negative temperature coefficient are desirable, such that the burden of control rod mechanism can be decreased. Negative temperature coefficient is required for the inherent safety reactor, as the temperature increases, the fission reaction slows down automatically, and therefore, the reactor can be inherently self-regulating. The use of burnable poison (BP) is one of the conventional approaches to control the reactivity in the HTGR. The use of particle-type burnable poison in both pebble bed reactors and prismatic HTGRs have been reported to effectively control the high excess reactivity and flatten the reactivity swing throughout the whole burnup operation [15] [16] [17] [18] . However, the results were confirmed in HTGRs using uranium nuclear fuel, not in HTGRs using thorium-based fuel.
The purpose of the study was to introduce the use of BP particles in HTGR thorium-based fuel to determine whether the BP particles could effectively improve the safety features of thorium-based fuel loaded in a small, longlife prismatic HTGR. Especially, the effect of suppressing excess reactivity during operation and the effect of the temperature coefficient were studied.
Analysis conditions
In the study, a 100-MW t prismatic HTGR as in Trinuruk et al. [18] was designed based on the design features of a High Temperature Test Reactor (HTTR) [19] . The reactor was designed with an average power density of 5.6 MW/m 3 which was higher than that of HTTR about two times to compact the size of the HTGR, but this average power density was still within a typical range of 4-6 MW/m 3 for the HTGR. The reactor was helium-cooled, and graphite-moderated, and used TRISO coated fuel particles which were embedded in the graphite matrix coupling with the loading of BP particles.
Three Th were mixed at a ratio of fissile to fertile nuclides of 20:80, which defines 20 wt% fissile enrichment. However, it could be kept in mind that both 100 wt% 235 U and 100 wt% 233 U are excessed the upper limit of non-weapons-grade material of each fissile material and rarely achieve for the process of enrichment, but these hypotheses are assumed to simplify the comparable conditions. This work focusing on high fuel enrichment was to achieve the design concept of long-life reactor operation. Even the use of low fuel enrichment can achieve the reactor operated with low excess reactivity, but it has an effect to shorten the reactor life time because the reactor cannot use the benefit from the transmutation which appears at high burnup operation as the case of high fuel enrichment. U in U. TRISO fuel particles, in which the fuel kernel was made from various nuclear fuels, were immersed in a graphite matrix with a 30% packing fraction. The core temperature was assumed to be uniformly distributed throughout the core at 1200 K for all components, except for the coolant temperature of 1000 K. Neutronic analysis was performed on the whole core using Monte Carlo method MVP-2.0 and MVP-BURN codes [20] coupled with the JENDL-4.0 nuclear data library [21] and took into account the effect from double heterogeneity of multiple particles by using the statistical geometry model (STGM) in MVP-BURN code. To obtain the credibility calculation of the k eff and the temperature coefficient, all calculations were performed with 3,750,000 neutron histories providing the statistical error within 0.05%.
To select the candidate material for burnable poison, characteristics including a large absorption cross section, complete depletion without any residual absorption penalty remaining in the core, and non-production of any daughter isotope, are desirable. In this study, B 4 C, Gd 2 O 3 , and CdO were selected as appropriate burnable poison materials as they satisfy all these criteria for neutron absorber materials. Their neutronic characteristics are shown in Trinuruk et al. [18] .
Core characteristics in each nuclear fuel cycle without burnable poison
Preliminary neutronic analysis was performed on the whole core when the reactor was individually loaded by three different nuclear fuel cycles as showed in the previous chapter without insertion of any neutron absorber material to identify the real impact of different nuclear fuel cycles on the burnup performance. Fig. 1 shows the change of k eff with respect to the burnup operation when three different nuclear fuels were independently loaded. The results showed that the use of 232 Th in 235 U-232 Th fuel instead of 238 U can improve the neutron economy by increasing the reactivity and the discharge burnup from 101 GWd/t to 114 GWd/t. The increase of discharge burnup and the reactivity using 232 Th as the fertile nuclide can be explained from the better neutronic properties of 232 Table 2 summarizes the core performance of the three different nuclear fuels. The use of 233 U-232 Th fuel can provide extremely high excess reactivity at the initial burnup and throughout the core life and can lead to very high discharge burnup up to 143 GWd/t, higher by about 42 % than that using conventional uranium fuel ( 235 U-238 U). The superior neutronic characteristics of both 232 Th and 233 U in the 233 U-232 Th fuel are clearly advantageous in terms of fuel utilization and fuel performance compared to strictly uranium-based fuel cycles. 
Burnup performance

Temperature coefficient
In the reactor design, a negative temperature coefficient, indicating a negative change of reactivity with the increase of temperature, is a key characteristic designed as a passive safety feature.
To investigate the core temperature coefficient of each nuclear fuel cycle, an analysis was performed on Monte Carlo MVP-BURN code when the core temperature was assumed uniformly decrease from 1200 K to 1000 K, except that the temperature of the helium coolant was reduced from 1000 K to 800 K. Fig. 2 shows the core temperature coefficient of the three different nuclear fuels. The results showed that the core temperature coefficient of 235 U-238 U was always negative, while that of 235 U-232 Th fuel was slightly negative and tended to become small positive at high burnup. Otherwise, the core temperature coefficient of 233 U-232 Th fuel was always positive and was larger when the burnup increased.
It 
Effect of particle-type burnable poison
Without the loading of burnable poison, extremely high excess reactivity is inevitable when thorium fuel is used in a prismatic HTGR. High excess reactivity is undesirable in the reactor safety design because it can lead to a prompt supercritical situation in the reactor. Thus, we introduced combinations of B 4 C and Gd 2 O 3 particles or B 4 C and CdO particles as burnable poisons, which can effectively control reactivity in a prismatic HTGR even when using 20 wt% 235 U nuclear fuel [16] [17] [18] . These burnable poisons compensated for the high excess reactivity in the thorium fuel based HTGR in this study.
Effect of particle-type burnable poison on burnup performance
The target design for the use of BP particles is to sustain the reactor operated under the critical state and control the reactivity not reach the prompt critical condition when without the insertion of control rods. The prompt critical condition, the limiting criterion for safe reactor operation, is defined by reactivity less than one dollar or reactivity less than the effective delayed neutron fraction ( eff ), depending on which nuclear fuel is used. The delayed neutron fraction ( ) of 233 U is about 0.0025, which is lower than that of 235 U, which is 0.0065 or about one-third. Therefore, the HTGR design that remains free from prompt supercritical accidents is more challenging when using 233 U-232 Th fuel than when using 235 U nuclear fuel. In this study, the prompt criticality state of each nuclear fuel was set based on the of each fissile material, 235 U or 233 U. The appropriate loading parameters of BP particles for the two cases, B 4 C and Gd 2 O 3 particles and B 4 C and CdO particles were investigated by varying the volume ratio of fuel to BP particles (V F /V BP ) and by finding the proper diameter of BP particles (D) loaded into the reactor core using 233 U-232 Th fuel which can control reactivity to less than 0.0025 k/k. To achieve the reactivity control in a reactor using 233 U-232 Th fuel, we tried an increase in the volume ratio of BP particles, coupled with the use of a new, more appropriate (larger) BP particles diameter than recommended in a previous study for uranium fuel [18] . Unfortunately, extremely high excess reactivity for a longtime operation occurred in the reactor using 233 U-
232
Th fuel, as shown in Section 3.1, and was coupled with a very small of 233 U, 0.0025; therefore, the investigation for the appropriate loading ratio of BP particles could not control the excess reactivity below the prompt critical state. To keep comparable conditions of this study, the composition of poison materials was assumed to load with the same specification for all three fuel cases to investigate the effectiveness use of burnable poison particles for each nuclear fuel. Th fuel in the HTGR, this composition had amply sufficient absorber materials to poison the excess neutrons, allowing the k eff to achieve subcritical operation. The burnup characteristics from loading the B 4 C and CdO particles are illustrated in Fig. 4 . This figure shows that the use of 290-μm-diameter B 4 C particles with a V F /V BP of 59 coupled with 500-μm-diameter CdO particles with a V F /V BP of 102 had the ability to suppress the excess reactivity in the reactor using 233 U-232 Th fuel, within 0.0385 k/k being the maximum reactivity, but a larger percentage of BP particles loading contributed to the reactivity in the reactor using 235 U-238 U fuel and 235 U-232 Th reaching subcritical operation. To compensate the missing of reactivity during the subcritical operation, the reduction of the core temperature to increase the reaction rate was proposed by using the benefit design of negative temperature coefficient in the inherent safety HTGR reactor [18] . 
Effect of particle-type burnable poison on temperature coefficient
Neutronic analysis to evaluate the core temperature coefficient was performed by uniformly decreasing the temperatures of all components by 200 K. Fig. 5 shows the core temperature coefficient of reactivity as a function of the burnup when the B 4 C and Gd 2 O 3 particles were loaded. The results found that the loading of BP particles into the HTGR using any nuclear fuel clearly changed the core temperature coefficient in the negative direction compared to the reactor without any neutron absorber material as shown in Section 3.2. The loading of BP particles in the reactor using 235 U-238 U can significantly improve the safety feature of the HTGR by providing a more negative of core temperature coefficient. The improvement of the negative core temperature coefficient was invalid when the BP particles were completely burnt out; at that point, the core temperature coefficient tended to return to the original point of the reactor design without further BP particles loading. In the cases of 235 U-232 Th fuel and 233 U-
232
Th fuel, the loading of BP particles showed a tendency of reactor safety improvement by reducing the core temperature coefficient to a small positive or making it negative. The use of BP particles provided the benefit of not only compensating for excess reactivity, but also improving the inherent safety features by making the temperature coefficient negative. The result from the loading of B 4 C particles and CdO particles in terms of the change of core temperature coefficient in the HTGR would apply using any nuclear fuel cycles, as shown in Fig. 6 . Fig. 5 The core temperature coefficients of the reactor using various nuclear fuel cycles and loading with the B4C and Gd2O3 particles. Fig. 6 The core temperature coefficients of the reactor using various nuclear fuel cycles and loading with the B4C and CdO particles.
However, in a heterogeneous reactor where the fuel, moderator, and coolant were separated, the change in the temperature of each component may cause a different effect on the reactivity feedback. In the HTGR, the fuel temperature coefficient and the moderator temperature coefficient are dominant features having significantly effects on the reactivity. Therefore, the next analysis was focused on the change of reactivity by the change of fuel temperature and that of moderator temperature.
In this study, the fuel temperature coefficient was defined as the change of the reactivity per unit change of fuel temperature, including the temperature of TRISO coated particles, consisting of the fuel kernels and all coating layers, the temperature of the BP particles, and the temperature of the graphite matrix of the fuel compact. The temperatures of those components were supposed to uniformly decrease by 200 K. The moderator temperature coefficient in this study was defined as the change of reactivity per unit change in the temperature of the moderator including fuel blocks, control rod blocks, reflector blocks, and fuel sleeves. Fig. 7 The temperature coefficients of reactivity in the reactor using 235 U-238 U as the fuel (a) without BP particles; (b) with BP particles. Fig. 7 shows a comparison of the core temperature coefficient, the fuel temperature coefficient, and the moderator temperature coefficients without in Fig. 7 (a) and with loading of BP particles in Fig. 7(b) when 235 U-238 U was used as nuclear fuel and B 4 C particles and CdO particles were used as the BP particles. It is clear that the core temperature coefficient was a combined result of the fuel temperature coefficient and moderator temperature coefficient. The use of 235 U-
238
U fuel in the HTGR can offer a negative core temperature coefficient even without any loading of BP particles and can also provide a more negative core temperature coefficient when BP particles are applied in the core. The negative core temperature coefficient was mainly dominated by the effect of the negative fuel temperature coefficient. Without any loading of BP particles, the moderator temperature coefficient was almost zero or slightly positive. The loading of BP particles caused the moderator temperature coefficient to become significantly more negative, which in turn, led the core temperature coefficient to become more negative. On the other hand, the use of BP particles had only slight impact on the fuel temperature coefficient, which showed a tendency to decrease.
The effects of loading B 4 C and CdO particles on the change of temperature coefficient when 233 U-232 Th fuel was used in the HTGR are shown by comparing Fig. 8(a) and Fig. 8(b) . Without the loading of BP particles in Fig. 8(a) , the moderator temperature coefficient was positive and tended to increase as the burnup increased. Coupled with the small negative fuel temperature coefficient, these conditions resulted in a positive core temperature coefficient. The temperature coefficients for all components: core, fuel and moderator, obviously decreased with the loading of BP particles in Fig. 8(b) . The use of BP particles can lead to a negative core temperature coefficient at low burnup, making the reactor inherently safe. 
Discussions
Comparing the fuel temperature coefficient of each nuclear fuel cycle without BP particles loading as shown in Section 4.2, it can be noticed that the fuel temperature coefficient of the reactor using 238 U as a fertile material provided more a negative fuel temperature coefficient than the HTGR using 232 Th. It can be explained that the fuel temperature coefficient was typically governed by the Doppler broadening of the resonance absorption cross section of the fertile material and fissile material. If the Doppler effect of resonance absorption of the fertile material was dominated over the effect by fissile material, the increase of fuel temperature causes the increase of thermal vibration of the fuel, especially in fertile atoms, which in turn, broadened the resonance peaks of the absorption cross section in the fuel nuclide. The broadening and flattening of the resonance absorption from the rise in fuel temperature causes a flux depression resulting in the decrease of reactivity, which in turn, induces the fuel temperature coefficient to become negative. Otherwise, if the Doppler effect is governed by the resonance absorption of the fissile nuclide and less significant effect from the fertile nuclide, the fuel temperature coefficient can become less negative or positive. Comparing the use of 238 U and 232 Th as the fertile material in the HTGR, the resonance absorption cross section of 238 U appeared at a lower energy of 6.67 eV with higher magnitude compared to that of 232 Th, for which the resonance absorption cross section occurred at 20 eV with a smaller resonance cross section; therefore, the increase of fuel temperature in 238 U would strongly decrease the reactivity by the dominant Doppler effect of fertile nuclides, not the Doppler effect of fissile nuclide.
Next, the moderator temperature coefficients in uranium-based and thorium-based fuel were compared. It was found that the presence of 233 U in the fissile inventory or from the transmutation of 232 Th led the moderator temperature coefficient to become positive. There are two strategies for improving the moderator temperature coefficient. The first strategy is the variation of moderator-to-fuel ratio which has the significant effect on the magnitude and sign of the moderator temperature coefficient. The decrease of moderator-to-fuel ratio is expected to give a negative temperature coefficient. Otherwise, the increase of moderator-to-fuel ratio would provide the increase of temperature coefficient. The second strategy is the loading of neutron absorber in the reactor core. The isotope of neutron absorber has a larger absorption cross section resonance close to the resonance of fissile material such as the resonance of 113 Cd close to the resonance of 239 Pu and 241 Pu at 0.2 eV. Therefore, the absorption of this fissile isotope, when the thermal spectrum shifts to higher energy by the increase of temperature, is expected to improve the moderator temperature coefficient. The loading of burnable poison particles also cause the reactor under moderated by the removal of some moderator material and the replacement of the burnable poison materials which result on a negative moderator temperature coefficient. In the LWR, the change of moderator temperature can cause a significant effect on reactivity feedback because of the change of the moderator density, but this did not occur in the HTGR using graphite as a moderator. The change of moderator temperature in the HTGR can affect the thermal neutron spectrum. The positive moderator temperature coefficient for 235 233 U and 235 U at the peak neutron flux, an increase in the moderator temperature increased the thermal neutron energy, as can be seen from the fact that the value of 233 U also increased; by contrast, the value of 235 U slightly decreased. The increase of the value resulted in the increase in reactivity. Therefore, the reactor using 233 U can provide a large positive moderator temperature coefficient while the reactor using 235 U as a fissile material provides a slightly negative or slightly positive moderator temperature coefficient. However, the improvement of moderator temperature coefficient by burnable poison is inevitably impossible at the end of cycle because of the burnt out of burnable poison. To stop the reactor before the burnt out of burnable poison may be one of the solutions. It will make the possible reactor operation time short.
Conclusions
From the neutronic viewpoint, it was shown that the use of 232 Th in a prismatic HTGR can have advantageous neutron economics because the higher neutron absorption cross section of 232 Th than that of 238 U in the thermal energy region results in higher production of additional fissile 233 U. U. However, when the reactor safety aspect was taken into account, the inherent safety feature in a negative temperature coefficient can be approachable in the reactor using 235 U-238 U fuel even the particle-type burnable poison is unloaded into the core. On the other hand, it was found that the use of 233 U-232 Th fuel or 235 U-232 Th fuel by without loading of any burnable poison degraded the inherent safety characteristic of a negative temperature coefficient. To improve the safety features of the HTGR using thorium-based fuel, the particle-type burnable poisons were introduced. The result showed that the loading of particle-type burnable poisons in thorium-fuel-based HTGR was useful in compensation for the large excess reactivity over the long term. Even it cannot make the HTGR free from prompt supercritical accident, the use of particle-type burnable poisons effectively minimizes the reactivity and flattens the reactivity swing, resulting in a lower burden on the control rod component. In addition, the use of BP particles was also useful in reducing the positive moderator temperature coefficient or making it negative, and led to the achievement of a negative core temperature coefficient. From these analyses, it became clear that the particle-type burnable poisons were effective in improving the safety features of thorium-fuel-based long-life prismatic HTGR.
Even the use of 233 U can provide the advantage on the long-life reactor concept with the inherent safely operation in low excess reactivity and negative temperature coefficient when the reactor is coupled with the appropriate composition of particle-type burnable poison, but the positive temperature coefficient at the end of cycle is inevitable impossible on the usage of 233 U fuel in the HTGR which cause the loss of its advantage. To find a simply solution, the shorter operation period of the reactor is an alternative means to avoid the reactor operated under the positive temperature coefficient.
